Na-H exchange (NHE) is one of the major non-nutritive Na absorptive pathways of the intestine and kidney. Of the four NHE isoforms that have been cloned, only one, NHE-3, appears to be epithelial specific. We have examined the regional and cellular expression of NHE-3 in the rat intestine. NHE-3 message in the small intestine was more abundant in the villus fractions of the small intestine than in the crypts. Analysis of NHE-3 mRNA distribution in the gut by in situ hybridization demonstrated epithelial cell specificity, as well as expression preferential to villus cells. NHE-1 message, in contrast, was ubiquitous, with slightly greater expression exhibited in the differentating crypt and lower villus cells of the small intestine. Isoform-specific NHE-3 fusion protein antibody identified a 97-kD membrane protein in the upper villus cells of the small intestine, which was exclusively localized in the apical membrane. In contrast, antibody previously developed against the COOH-terminal region of human NHE-1 (McSwine, R.
Introduction
Na-H exchange (NHE)' can be identified in virtually all cell types (1, 2) , and to date, four distinct NHE isoforms, desig-gions, which contain several putative regulatory domains, are markedly different. This may explain the observed differences in function and regulation of Na-H exchange activities of various tissues and cells (8, 9) . In contrast to the extensively studied NHE-1, the other members ofthis family are uncharacterized, and their physiological roles are undefined. Ofthe four isoforms, only one, NHE-3, appears to be epithelial specific (4, 6) . This exchanger is, therefore, a potential candidate for mediating vectorial Na transport, a major function of such cells.
In the intestine, electroneutral Na absorption is predominantly mediated by an amiloride-sensitive luminal membrane Na-H exchanger. Na entry into the cell is favored by the existing Na and proton gradients, Na then being rapidly pumped out by the basolateral membrane Na, K, ATPase. This model predicts that the basolateral membrane NHE isoform NHE-l is an unlikely candidate for vectorial Na transport, its activation actually being counterproductive to net Na absorption by intestinal epithelial cells. In support of this, luminal application of amiloride analogs inhibit net Na absorption in avian intestine, but when applied serosally, these analogues have no effect on serosal-to-mucosal unidirectional or net Na fluxes ( 10) . These observations suggest that basolateral membrane NHE activity is normally "silent" during net Na absorption, and, based on our knowledge of NHE-1 in other cells, it probably serves cell maintenance functions, activated only in response to conditions such as perturbations in cellular pH or volume (8) . By determining the regional and cellular distribution of intestinal NHE-1 and NHE-3, we should gain insight into their potential functional and physiological roles.
Methods cDNA constructs. The full-length NHE-3 cDNA was cloned from a rat kidney pBR322 library and generously provided to us by G. Shull (University ofCincinnati, Cincinnati, OH) (4) . This cDNA, bases 1-3,036, was subcloned into the unique SmaI of pAlter (Promega Biotec, Madison, WI) by blunt end ligation ofthe 3.16-kb PvuI-NsiI fragment from the original clone. The gel-purified NHE-3 cDNA insert was used as a probe in Northern analysis. The full length NHE-I cDNA, cloned from a rat heart cDNA library by Orlowski et al. (4) , was used as a probe on Northern analysis.
Sequential isolation of enterocytes along the villus to crypt axis.
Male Sprague-Dawley rats (Harlan Sprague Dawley, Inc., Indianapolis, IN) weighing 150-250 g were killed with sodium pentobarbitol (100 mg/kg intraperitoneally, as approved by the Animal Care Committee ofthe University ofChicago), and the small intestine was immediately removed and rinsed with ice-cold PBS ( 15.2 mM Na2HPO4, 4.4 mM KH2PO4, pH 7.4, 139 mM NaCl) according to the method of Weiser ( 11 ) with modifications by Hoffman and Chang ( 12) . Jejunum (a 20-cm segment immediately distal to the ligament of Treitz) and ileum (a 20-cm segment proximal to the ileo-cecal valve) were removed, rinsed, clamped, filled with 20 mM EDTA in PBS, 1 mM dithiothreitol, and 10% bovine serum, and incubated for 5 min at 37°C with mild agitation to remove the mucus coating the surface. This solution was then discarded and replaced with elution buffer (20 mM EDTA, 1 mM dithiothreitol, and 0.05% 0-mercaptoethanol in PBS).
The first incubation/rinse step reduced the mucous and noncellular material lining the intestine and improved the yield of RNA from the first fraction. Cells were harvested at intervals of 7 min, 10 min for the last two aliquots. Each fraction was divided. Three quarters was used for RNA extraction and one quarter was reserved for protein isolation, quantitation by Bradford ( 13) , and enzyme assays. The protein fraction was resuspended in PBS and protease inhibitors (1 Ag/ ml aprotinin, 1 vg/ml leupeptin, 1 mg/ml pepstatin A, 6 ,ug/ml tosylphenylalanine chloromethyl ketone, 1 mM PMSF), immediately processed or quick frozen to -70'C. Verification of gradient was done by determining the sucrase specific activity for each fraction, according to Messer ( 14) . Preparation ofRNA and Northern anal i'sis. The RNA fraction was resuspended in GTC lysis buffer (4 M guanidinium thiocyanate in 100 mM Tris-Cl, pH 7.5, 1% vol/vol f-mercaptoethanol, 0.5% wt/vol sodium lauryl sarcosinate, 0.07% vol/vol Anti-Foam A). The cells were disrupted at high speed by Ultra-Turax (IKA-Works, Inc., Cincinnati, OH) for 60 s and immediately frozen in a dry ice/isopropanol bath. Total RNA was purified by centrifugation through a CsCl cushion. (15) . Polyadenylated mRNA was recovered on immobilized oligo(dT) (16, 17) . The flow-through fraction, nonpolyadenylated and ribosomal RNA, was included on the gel to serve as control of hybridization specificity. RNA Cells were disrupted with low speed Ultra Turax for 30 s, and centrifuged for 3 min at 500 g to remove nuclei and cell debris. The supernatant was centrifuged at 100,000 g, 4°C, for I h to pellet membranes.
Quantitated proteins were solubilized in Laemmli buffer for electrophoresis.
To separate the apical from basolateral membrane domains, the supernatant after the first 500 g spin (above) was centrifuged at 10,000 g for 20 min at 4°C to pellet mitochondria. MgSO4 was added to 15 mM, and the cell extract was stirred at 4°C for 15 min before a 1 0-min spin at 8,000 g at 4°C. This pellet (BLM) contained basolateral, Golgi, and endoplasmic reticulum membranes. The final supernatant was centrifuged at 100,000 g for 45 min to pellet brush border membranes.
The specific activities of Na, K, ATPase (20) , a marker for the basolateral domain, and alkaline phosphatase (21 ), an apical surface marker, were determined on crude homogenate and purified brush border membrane (1BBM) and BLM fractions. Relative purity of each domain was determined by measuring and comparing activities of the apical marker enzyme, alkaline phosphatase and the basolateral marker Na, K, ATPase. All samples used showed a minimum eightfold enrichment for alkaline phosphatase in the brush border preparation and an increase of one third for the sodium/potassium pump in BBM proteins. (12) . (SI-specific activity was also measured for each fraction, confirming sequential isolation. Specific activity in fraction 5 was < 1% of that measured in villus fraction 1 [data not shown]). Shown in Fig. 1 , second NHE-3 mRNA abundance, reflected by a single transcript at 5.2 kb, exhibited highest expression in the upper and midvillus fractions. In the jejunum (Fig. 2 B, top) , message level in fraction 5, which contains the earliest villus cells and true crypt cells, is significantly lower than in the more mature villus. In the ileum (Fig.  2 B, bottom) , expression of NHE-3 appears to increase at a later stage of villus differentiation. In contrast, NHE-1 message, appearing as a single 4.8-kb transcript (Fig. 1, third row) , did not increase in villus cells. In fact, when normalized to glyceraldehyde phosphate dehydrogenase (GAPDH) message (Fig. 2 C) , NHE-l message level in the jejunum (top) appeared to gradually decrease as the cells matured from crypt to villus, while it remained essentially constitutive from crypt to villus in ileum (Fig. 2 C, bottom) (Fig. 3 A right) , NHE-3 mRNA appeared on surface epithelium; none was found in the crypt or submucosa. The distal colon cross section (Fig. 3 A, far right) also showed NHE-3 message clearly localized to luminal epithelial cells. Little or no message was detected in the crypt cells, or underlying substrata. The sense strand probe, second row, showed no specific distribution of silver grains in any of the sections, indicating that antisense NHE-3 cRNA was specific for NHE-3 messenger RNA.
In contrast, NHE-1 (third row) was expressed in virtually all of the cells in these tissues, including subepithelial mesenchymal cells as well as smooth muscle cells of the muscularis propria. The hybridization signal generated by antisense NHE-1 cRNA (corresponding to amino acids 639-820 and including 230 bases of 3' noncoding region) was diffusely distributed in all the tissues analyzed. The pattern of expression in jejunum and ileum epithelial cells, in contrast to NHE-3, appeared somewhat greater in crypt regions, although the distinction between villus and crypt expression ofthis transcript was unclear. Expression in the proximal and distal colon was more evenly distributed within the mucosa. The corresponding sense strand control for NHE-I probe specificity (bottom row) produced no detectable signal.
In Fig. 3 NHE-3 protein is selectively localized in the brush border membrane. Finally, we wished to determine where in the villus cell NHE-I and NHE-3 exchangers were localized. Membranes were isolated from rat small intestine mucosal scrapings and the two membrane domains were separated as described. In Fig. 6 , 100 jug of membranes were resolved by 7.5% SDS-PAGE, electroeluted, and analyzed by immunoblot for cross reactivity with NHE-I or NHE-3 antibody. The 97-kD NHE-3 protein was detected only in the brush border membrane fractions (bottom), none being found in basolateral membrane of either ileum or jejunum. Samples from the same membrane preparations were separately immunoblotted (top) with NHE-I antibody. ascending and descending colon, ileum, jejunum, and kidney (in order of decreasing abundance). After extended exposure times, NHE-3 transcript was also detected in brain, but no message was found in liver, spleen, muscle, or heart (data not shown). Although this tissue-specific pattern of expression is in agreement with the report of Orlowski et al. (4) , it differs from the findings reported by Tse et al. (6) who reported a different distribution pattern. Using NHE-3 cDNA cloned from a rabbit ileal cDNA library, they found NHE-3 expressed in ileum, ascending colon, kidney, and jejunum, with no message detected in distal colon, a tissue that they describe as lacking neutral NaCI absorptive processes. These disparities in tissue expression may be explained by species and/or dietary differences. Nevertheless, the expression of NHE-3 in tissue having sodium absorptive functions is consistent with the hypothesis that it has a major role in vectorial ion transport. The axial (villus-crypt) pattern ofNHE-3 expression is similar to that reported for other ion/nutrient transporters, such as the sodium-dependent glucose cotransporter (23) such as sucrase-isomaltase (12), lactase (26) , and mucosal peptidases (27) . To our knowledge, the demonstration of NHE-3 expression solely in mature intestinal epithelial cells has not been previously reported and may be the first demonstration of a villus cell specific, non-nutritive transporter. Furthermore, it supports the paradigm that these cells may be generally "absorptive."
We have used two methods to determine that NHE-3 message is most abundant in villus (Na-absorptive) epithelial cells. Epithelial cells were harvested sequentially by the distended sac method, a modification of one originally described by Weiser (11) and mRNA was analyzed by Northern. An extensive study supporting the reliability ofthis isolation method to successfully separate villus from crypt cells has been reported by Traber et al. (28) . The enterocytes are primarily isolated as sheets of cells still attached at tight junctions from villus tip to lower villus, with the first fraction consisting predominantly of villus tip cells. The final sample contains more individual cells, largely undifferentiated crypt cells. The intervening fractions consist of mixtures ofthese two cells, the proportions changing as the samples descend. As useful as this method is for rapid determination of expression patterns along the crypt-villus axis, it does not provide the precise localization of in situ hybridization. Based on the latter, NHE-3 message is primarily expressed in differentiating and mature villus cells in both jejunum and ileum and, in colon is expressed only in the epithelial cells. This suggests at least two levels oftranscriptional regulation of NHE-3. Expression is epithelial specific and, in enterocytes, apparently determined by mechanisms related to the process of terminal differentiation. NHE-3 protein as determined by Western blot analysis was consistently abundant in the villus tip, with none detected in the lower or crypt fractions. If NHE-3 is being synthesized in the differentiating early villus cells, as suggested by the Northern and in situ analyses, the amount of protein present may require more sensitive detection methods. Alternatively, translation may be active only in the mature villus cells, suggesting another level of regulation exists to control synthesis of the protein.
As previously shown, apical membrane NHE activity differs from NHE-1 in several other ways. For example, brush border membrane NHE activity appears to be more resistant to amiloride inhibition than NHE-1 (29) . In addition, factors that stimulate net intestinal NaCl absorption (e.g., glucocorticoids) act only on apical NHE activities, not basolateral. Yun et al. (30) for example, demonstrated that corticosteroid increases both rabbit ileal NHE-3 mRNA abundance and brush border membrane NHE activity, while having little or no effect on NHE-1 expression. These findings further support the notion that NHE-3 mediates vectorial Na absorption in the intestine.
In contrast to NHE-3, NHE-1 appears to be ubiquitous, and in the intestine, it appears in mesenchymal as well as in epithelial cells. This observation is consistent with its role in cell "housekeeping" functions, activated only under anomalous conditions such as increased acid loads, cell volume changes and growth factor activation (31) (32) (33) . NHE-1 is allosterically sensitive to intracellular pH, and appears to have a proton modifier site which adjusts the setpoint of activation of this transporter (32, 34) . Interestingly, we and others have found that the NHE activity of avian and rabbit intestinal brush border membranes differs from NHE-1 by lacking pHsensitive allosteric modification of Na-H exchange (29, 36) . If this activity is mediated by NHE-3, these observations are consistent with different functional roles of NHE-1 and NHE-3, the latter mainly mediating vectorial Na transport and not pH rectification. Alternatively, it is possible that the above obser-vations may be a result of measured activity of other apically located NHE isoforms, possibly NHE-2, which has been reported not to be allosterically sensitive to intracellular proton concentrations (5) .
In further support ofNHE-I not being involved in vectorial Na absorption by the intestinal epithelium are the findings that it is localized to the basolateral membrane, and it is found in crypt and villus cells. This extends previous observations ofTse et al. (37) who demonstrated by immunofluorescence the basolateral location ofNHE-1 in villus cells ofrabbit ileum. Activation ofbasolateral membrane NHE-1 during active Na absorption, therefore, would be counterproductive. In fact, as we and others have previously demonstrated (38) (39) (40) , the regulation ofapical membrane NHE in avian and mammalian intestine is quite different from conditions that activate NHE-1. For example, apical membrane NHE activity appears to be inhibited by activation of protein kinase C (40) , as well as Ca2+/calmodulin-dependent (41 ) and cyclic nucleotide-dependent protein kinases (10), conditions that have been shown to activate NHE-1 (42) . The disparity ofregulatory responses may, therefore, serve an important teleological function that would ensure that apical and basolateral membrane NHEs are not simultaneously activated, thereby maximizing the efficiency of luminal Na absorption. In support ofthis, luminal application of NHE-selective analogues of amiloride inhibits net Na absorption in avian intestine, but when applied serosally, these analogs have no effect on serosal-to-mucosal unidirectional or net Na fluxes ( 10) . These observations suggest that basolateral membrane NHE activity, most likely represented by NHE-1, is normally "silent" during net Na absorption.
In conclusion, we demonstrate here significant differences in tissue, regional (intestinal) and cell membrane expression of NHE-3 and NHE-1. In intestine, NHE-3 is only expressed in mature small intestinal villus and colonic surface cells, consistent with the paradigm that these cells have predominantly nutrient and ion absorptive functions. We also demonstrate that NHE-3, in contrast to NHE-1, is exclusively localized to intestinal epithelial cells and is found only in their apical membranes. These observations are consistent with NHE-3 having an important role in vectorial Na absorption by the intestine.
